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X-RAY  SCATTERING  INVESTIGATION  OF  MICROALLOYING 

AND  DEFECT  STRUCTURE  IN  ION  IMPLANTED  COPPER 

S.  Spooner 

Fracture  and  Fatigue  Research  Laboratory 
Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332 


The  double-crystal  method  for  x-ray  scattering  analysis  of  radiation 
described  by  £.  C.  Larson  (1)  has  been  applied  to  the  investigation  of 
aluminum  implanted  copper.  The  interpretation  of  x-ray  observations  i6 
based  on  effects  of  lattice  strain  In  the  surface  microalloy  and  the 
presence  of  dislocation  loops  which  originate  fro^  implantation  damage.  The 
copper  crystal  with  a  dislocation  less  than  10J  cm/cm°  was  Implanted  with 
aluminum  to  a  dose  of  2  x  101  ions/cm  with  energies  up  to  200  keV.  The 
response  of  the  implanted  crystal  to  annealing  at  500  C  and  600  C  was 
determined.  The  quantitative  use  of  the  x-ray  technique  to  assess 
implantation  effects  and  the  limitations  of  the  technique  are  dl6CU6sed. 
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Introduction 


X-ray  diffraction  is  an  effective  method  for  analyzing  radiation  damage 
particularly  for  quantitative  measurement  of  lattice  strain  effects 
associated  with  defect  clusters  (1).  In  recent  years  there  have  been  a 
variety  of  x-ray  diffraction  investigations  of  ion  implantation  damage 
produced  in  single  crystals  based  on  double-crystal  measurements.  Komenou 
et  al.  (2)  gb served  x-ray  scattering  Pendellosung  interference  in  rocking 
curves  from  Ne  -implanted  garnet  fllm6  which  Sperlousu  (3)  interpreted 
according  to  a  kinematic  diffraction  theory  incorporating  strain  and  damage 
distributions  as  a  function  of  depth.  Afanasev  et  al.  (4)  have  used 
dynamical  theory  for  calculating  the  scattering  from  a+silicon  crystal  with 
disturbed  layers.  Yamaglshl  and  Nittono  (5)  studied  Ar  ion-implanted  copper 
whiskers  with  both  x-ray  topography  and  a  triple-crystal  diffraction  method 
to  assess  lattice  6train  response  with  dose  and  annealing.  In  the  foregoing 
studies  (2-5)  no  absolute  intensity  measurements  were  made  so  that  analysis 
of  structural  changes  depended  mostly  upon  scattering  distribution  shape. 
In  the  present  £tudy,  absolute  reflectivity  measurements  are  u6ed  to  study 
the  effects  of  ^  -ion  damage  in  copper  due  to  low  energy  (200  keV)  and  high 
dose  (2  x  10*  ions/cm  )  using  a  double-crystal  diffraction  method.  Both 
surface  alloying  and  implantation  damage  are  under  consideration  for  their 
important  influence  on  fatigue  crack  initiation  (6).  Because  radiation 
damage  production  of  point  defect  clusters  enters  our  work  in  a  fundamental 
way,  this  paper  offers  an  example  of  the  utility  of  x-ray  scattering 
techniques  in  radiation  damage  research. 

The  principle  challenge  in  this  x-ray  6tudy  was  to  find  an  effective 
x-ray  method  for  investigating  the  damage  and  surface  alloying  effect  in  an 
implanted  layer  which  is  much  thinner  than  the  sampling  depth  of  x-rays.  In 
addition,  there  was  the  consideration  of  which  theoretical  analysis  of 
scattering  intensity  would  be  mo6t  appropriate  to  describe  the  combined 
damage  and  surface  alloying  scattering  effects.  This  question  was 
approached  from  two  perspectives;  (a)  use  of  dynamical  theory  of  diffraction 
for  the  analysis  of  lattice  strain  due  to  surface  alloying  (7,8)  and  (b)  use 
of  kinematic  theory  for  the  description  of  scattering  from  defect  clusters 
(1).  It  is  shown  that  the  scattering  data  are  dominated  by  implantation 
damage  defect  clusters  and  that  the  kinematic  theory  is  most  appropriate  for 
the  description  of  scattering  in  the  case  at  hand.  Furthermore,  it  is  shown 
that  a  quantitative  evaluation  of  implantation  damage  can  be  obtained  from 
the  absolute  reflectivity  measurements  made  in  the  double-crystal  method. 

X-Ray  Scattering  Models 

The  structure  the  implanted  region  is  modeled  by  placing  of  point 
defect  clusters  within  a  surface  layer  which  has  a  lattice  parameter  that  is 
expanded  by  implantation  alloying.  As  yet,  no  single  formulation  for 
scattering  Intensity  gives  a  calculation  of  the  scattering  from  the  combined 
defect  cluster  and  lattice  distortion  effects.  Instead,  we  make  a 
calculation  for  the  case  of  scattering  from  a  defect-free  surface  alloy  on 
one  hand  and  a  calculation  for  the  scattering  from  defect  clusters  in  a 
unalloyed  matrix  on  the  other  hand.  The  measured  x-ray  scattering  effects 
are  then  used  to  determine  the  manner  in  which  the  two  calculations  might  be 
applied  to  represent  the  scattering  from  the  implanted  layer. 

For  a  surface  alloy  layer  free  of  defects,  the  dynamical  theory  of 
x-ray  scattering  can  be  used  to  calculate  the  reflectivity  of  x-rays  as  a 
function  of  crystal  rotation  in  a  double-crystal  rocking  curve.  In  a 
two-crystal  arrangement,  the  first  crystal  which  is  not  implanted  is  set  to 
maximum  reflectivity.  The  second  crystal  is  rotated  about  an  axis 
perpendicular  to  the  scattering  plane  (defined  by  the  incident  and  reflected 


x-ray  beams.)  The  resulting  reflectivity  curve  is  the  convolution  of  the 
reflection  characteristic  of  the  first  crystal  with  the  reflectivity  of  the 
second  crystal.  Larson  (7,8)  has  adapted,  for  this  surface  alloy  problem,  a 
method  of  calculation  used  by  Klar  and  Rustlchelli  (9)  for  neutron 
scattering  from  elastically  bent  crystals.  The  reflectivity  from  a  crystal 
is  obtained  by  the  computation  of  the  real  and  imaginary  components  of  the 
complex  scattering  amplitude  of  the  reflected  radiation.  Two  coupled 
differential  equations  -  one  for  real  and  one  for  imaginary  components  -  are 
Integrated  numerically.  The  integration  is  dependent  upon  initial  values  of 
the  amplitude  components  and  the  variation  in  the  Bragg  angle  for  the 
crystalline  sublayers  due  to  the  elastic  lattice  distortion  arising  from 
bending  or  composition  change.  Full  algebraic  development  of  the  theory  can 
be  found  in  papers  by  Larson  and  Barhorst  (8)  and  Klar  and  Rustlchelli  (9). 
The  equations  requiring  integration  express  the  derivatives  of  the  real  (X^) 
and  Imaginary  (X2)  scattering  amplitude  components  with  respect  to  a 
variable  A  which  is  proportional  to  depth  measured  relative  to  the  external 
surface : 

gl-k<xJ-x2+l)+2X2(X1-y)-2gX1  (1) 


H2--<xJ-X^l)+2X1(kX2+y)-2gX2  (2) 

where  k  and  g  are  constants  which  depend  on  x-ray  absorption  and  the 
parameter  y  contains  the  misset  angle,  b&  ,  for  the  rocking  curve  as  follows: 

y-ClA0-C2  (3) 

where  C.  and  C 2  are  constants  dependent  on  x-ray  scattering  parameters  tha 
are  fixed  for  the  Bragg  diffraction  peak  under  examination.  For  thr  case 
where  the  lattice  parameter  varies  with  A  it  is  shown  (8)  that 

y*Cj(A£M-e(A)tan0g)-C2  (4) 

where  the  variation  of  the  lattice  parameter  with  depth  is  contained  in  the 
strain  function  E  (A) .  In  the  case  at  hand,  t(A)  is  determined  by  the 
composition  of  the  surface  alloy  as  a  function  of  implantation  depth. 

The  method  by  which  the  change  in  relectivity  due  to  surface  alloying 
is  calculated  does  not  require  integration  over  the  entire  crystal 
thickness.  Instead,  one  uses  the  well  known  results  (10,11)  for  the 
reflectivity  from  a  perfect  crystal  as  a  starting  point.  The  real  and 
Imaginary  components  of  the  scattering  amplitude  at  a  6et  rocking  angle  are 
used  as  initial  values  for  the  integration  beginning  at  a  depth  below  the 
Implanted  ions.  For  the  integration  back  to  the  surface  the  effects  of 

surface  alloying,  c(A),  are  allowed  to  affect  the  computation  of  scattering 
amplitude.  A  set  of  these  calculations  is  done  for  a  range  of  rocking 
angles  where  the  reflectivity  is  calculated  from, 

R(A0)-xJ+X2  (5) 

where  the  amplitude  components,  X.  and  X.  are  evaluated  at  the  reflecting 
crystal  surface.  Note  that  the  result  is  an ’absolute  reflectivity  value. 

Figure  1  shows  the  calculated  results  we  have  obtained  at  the 
reflecting  in  which  2  atomic  percent  of  aluminum  is  Implanted  in  copper  to  a 
depth  of  approximately  1000  A.  The  lattice  parameter  expansion  used  in  the 
calculation  was  taken  from  the  data  given  on  linear  lattice  strain  by  King 
(12)  equal  to  40.0626  per  atomic  percent  of  aluminum  in  copper.  A  sharp 


subsidiary  peak  of  1.4  percent  reflectivity  is  seen  at  a  Bragg  angle 
displaced  to  a  lower  angle  than  the  substrate  Bragg  angle  corresponding  to 
the  expanded  lattice  parameter.  The  snail  peak  width  is  approxlaately  2 
minutes  of  arc.  The  reflectivity  is  the  order  of  the  ratio  of  Implanted 
layer  thickness  to  the  x-ray  penetration  thickness,  1/2  v0  where  is  the 
linear  absorption  parameter.  ' 
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Fig.  1  Calculated  reflectivity  from  a  surface  implanted  to  2  atomic 
percent  of  aluminum  in  copper  to  a  depth  of  approximately  1000  A  The 
subsidiary  peak  appears  at  an  angle  appropriate  for  the  lattice 
parameter  of  this  composition. 


Consider  now  the  calculation  of  the  scattering  from  defect  clusters  in 
a  crystal  of  uniform  lattice  parameter.  In  this  case,  kinematic  diffraction 
theory  is  used  to  calculate  the  scattering  Intensity  from  an  isolated  defect 
cluster.  The  scattering  resulting  from  a  collection  of  defects  is  the  6um 
of  the  intensities.  This  implies  that  no  scattering  interference  occurs 
between  scattering  amplitudes  coming  from  each  defect.  Larson  (1) 
summarizes  the  calculation  of  the  scattering  intnslty  from  defect  clusters. 
The  experimental  geometry  used  in  our  experiments  is  shown  in  Figure  2  where 
the  scattered  x-rays  are  recleved  by  a  large  detector.  Each  of  the 
scattering  vectors  is  associated  with  a  scattering  apace  vector,  q,  going 
from  the  Bragg  spot  (at  the  top)  to  the  surface  of  the  Ewald  scattering 
sphere.  In  such  an  experiment,  the  Intensity  is  averaged  over  the 
scattering  space  vectors,  q.  q  is  the  shortest  vector  between  the  Bragg 
position  and  the  Ewald  sphere  at  a  given  crystal  setting.  The  measured 
intensity  is  called  the  Integral  diffuse  scattering.  The  Intensity  is 
measured  as  a  function  of  rocking  angle  of  the  crystal  in  the  same  geometry 
used  for  measurement  of  dynamical  difractlon  effects  described  above. 

The  diffuse  scattering  from  dislocation  loops  measured  close  to  the 
Bragg  peak  is  attributed  to  long  range  strain  fields  around  the  loop  and  is 
called  Huang  scattering.  Scattering  measured  farther  away  from  the  Bragg 
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Fig.  2 

Scattering  geometry  for 
the  double  crystal 
method  used  in  this 
experiment.  Upon 
rocking  the  crystal  the 
Ewald  scattering  sphere 
is  swept  through  the 
Bragg  point.  At  a 
fixed  crystal  setting 
the  diffuse  scattering 
is  integrated  over  a 
portion  of  the 
scattering  6phere  near 
the  Bragg  point. 
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peak  is  attributed  to  6hort  range  strain  fields  and  i6  tensed  Stokes-  Wilson 
scattering.  The  diffuse  scattering  is  distributed  about  the  Bragg  position 
in  a  way  dependent  on  the  precise  strain  field  distribution  (1,13).  The 
calculation  of  integral  diffuse  scattering  requires  an  averaging  of  the 
diffuse  scattering  over  the  portion  of  the  Ewald  scattering  sphere  which  is 
close  to  the  Bragg  position  (14).  For  the  scattering  from  loops  of  radius 
R,  the  Huang  scattering  smoothly  joins  the  Stokes-Wilson  scattering  at  a 
scattering  parameter  qQ  »  q^  *  o /R  where  qQ  -  h^ecoseg  with  dj.  spacing,  h 
■  2 n/d,,  .  6^  the  Bragg  angle  for  reflection  from  the  hkl  planes,  46,  the 


misset  a^gle  of  the  rocking  curve, 
section  is  defined 


symmetric  diffuse  scattering  cross 


which  is  obtained  by  the  average  of  intensities  measure  symmetrically  above 
and  below  the  Bragg  position  (q  «  0).  The  symmetric  diffuse  cross  sections 
for  Huang  and  Stokes-Wilson  scattering  are  given  by, 


(Huang) 


°hCqo)m(refhe"2M(h/k)2^T(b,rR2/Vc)2in(el/2qL/qo) 


for  qQ  <  qL  ,  and, 

(Stokes-Wilson)  oJ(qo)-(r^f^e'2M(h/k)22i>T  (bHR2/Vc)2qJ/2q^  (8) 

-13 

for  qQ  >  qL  ,  r^  is  t|je  Thompson  electron  radius  (2.82  x  10  cm),  f  is  the 
scattering  factor,  e  is  the  Debye-Waller  factor,  k  ■  2>/k,  wavelength, 
is  a  constant  of  order  1  which  depends  on  averaging  of  loop  orientations, 
b»  Burgers  vector,  V  ■  atomic  volute.  The  scattering  intensity  relative  to 
the  Incident  intensify  is  given  by, 

IS(q„)  C(R) 

r  -  iTv 

o  Ho  c 

where  C(R)/V  is  the  density  of  loops  of  radius  R.  From  £qns.  (7), (8)  and 
(9)  one  can  oStaln  loop  size  and  density.  Note  that  (b«R  /Vn)  equals  the 


number  of  point  defects  in  the  defect  cluster. 
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In  summary  of  the  two  calculations,  the  dynamical  theory  predicts  a 
subsidiary  peak  which  appears  at  an  angle  determined  by  the  lattice  strain 
due  to  alloying.  The  kinematic  theory  predicts  a  diffuse  scattering  which 
is  proportional  to  the  number  and  site  of  loops.  Both  calculations  give  the 
absolute  relectivity  with  no  adjustable  parameters  other  than  those 
describing  the  structure.  The  dynamical  theory  calculation  depends  on  the 
assumption  that  the  surface  alloy  is  crystallographlcally  coherent  with  the 
unalloyed  crystal.  The  kinematic  theory  is  likely  to  be  limited  in  the  case 
of  very  high  defect  cluster  densities  where  nonrandom  loop  distributions  may 
lead  to  Interference  between  diffuse  scattering  amplitudes. 

Experimental 


The  calculated  strain  scattering  effects  must  be  measured  at  small 
angles  near  the  Bragg  diffraction  peak  of  the  unaffected  crystal.  The 
Implant  affected  region  is  less  than  1  micron  and  the  penetration  depth  is 
approxmately  1/2  ■  11  microns.  It  is  required  that  the  bulk  of  the 
crystal  be  perfect  (mosaic  spread  less  than  1  minute)  in  order  that  the 
small  scattering  effects  can  be  measured  near  the  Bragg  peak.  Furthermore, 
it  is  required  to  subtract  a  significant  background  due  to  the  tails  of  the 
bulk  crystal  Bragg  peak  in  order  to  determine  the  diffuse  scattering 
intensity  due  to  surface  alloying  and  defect  clusters.  A  convenient 
approach  to  this  measurement  is  to  translate  the  crystal  between  an 
Implanted  and  implantation-free  area  on  the  same  crystal.  Crystals  used  in 
these  studies  were  provided  by  F.  U.  Young  of  Oak  Ridge  National 
Laboratory.  The  crystals  were  grown  by  the  Bridgeman  technique,  cut  to 
orientation,  then  annealed  at  a  few  degrees  below  the  melting  point  for  two 
weeks.  The  crystal  pieces  were  hardened  by  neutron  irradiation  and  then 
further  cut  and  shaped  by  chemical  cutting  methods  (1^).  _Jhe  dislocation 
density  measured  by  etch  pit  techniques  was  less  than  w  cm  after  shaping 
procedures  were  completed. 

The  two-crystal  arrangement  consisted  of  a  silicon  crystal  fixed  to 
diffract  the  Cu  KQ  radiation  onto  the  Implanted  copper  crystal.  The  (333) 
d-spaclng  (1.0451  A)  of  silicon  happens  to  match  the  (222)  d-spacing  (1.0436 
A)  of  copper  very  well  so  that  the  system  is  will  focussed  to  give  a  narrow 
rocking  curve  width.  The  copper  crystal  is  initially  aligned  to  give  a 
sharp  maximum  in  the  rocking  curve  by  adjusting  the  (111)  normal  about  an 
axis  in  the  scattering  plane.  When  properly  adjusted,  the  full  width  at 
half-maximum  (FWHM)  of  the  copper  rocking  curve  is  12.5  arc-seconds.  The 
crystal  is  mounted  on  a  gonlostat  which  can  be  translated  in  the  plane  of 
the  crystal  surface  so  that  rocking  curves  can  be  made  from  the  implanted 
area  and  masked  implantation-free  areas.  In  a  typical  run,  the  copper 
crystal  16  rocked  about  an  axis  perpendicular  to  the  scattering  plane  at  a 
rate  of  5  to  20  arc-seconds  per  minute  while  x-ray  intensities  are  recorded 
continuously  at  10  ^econd  intervals.  The  x-ray  detector  has  an  active 
receiving  area  of  5  ca>  at  a  distance  of  8  cm  so  that  the  subtended  solid 
angle  (0.08  steradlans)  Integrates  the  scattering  over  a  large  portion  of 
the  Ewald  sphere  in  the  vicinity  of  the  222  Bragg  peak  of  copper. 

The  Implantation  of  aluminum  Into  copper  was  chosen  for  these 
experiments  because  the  ion  penetration  was  favorable  and  the  microalloy 
concentration  was  well  below  the  solubility  limit  of  the  aluminum  in  copper. 
The  details  of  Implantation  are  given  elsewhere  (19).  The  implanted  layer 
was  1200  A  thick  (16)  with  a  composition  of  1.8  atomic  percent.  The 
distribution  of  damage  over  the  alloy  thickness  was  estimated  on  the  basis 
of  calculations  by  Frltzsche  (17)  and  Wlnterbon  (18).  The  alloy 
distribution  (solid  line)  and  the  damage  profile  (dashed  line)  are  shown  in 
Figure  3. 


T 


Fig.  3 

Distribution  of  implanted 
A1  loos  (solid)  snd  the 
energy  deposition  (dashed) 
for  .the  implantation  of 
2x10*  ion/cni  with 

energies  up  to  200  keV. 
Note  that  damage  is 
concentrated  toward  the 
surface  and  that  the  damage 
energy  is  on  a  relative 
Beale . 
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Annealing  of  the  specimens  was  performed  as  a  means  to  differentiate 
the  sources  of  scattering  in  the  implanted  layers.  The  crystals  were  placed 
in  a  vacuum  of  10  Torr  at  500  C,  600  C  and  900  C  for  30  minutes. 
Annealing  at  900  C  restored  the  original  structure  as  seen  in  the  rocking 
curves . 


Fig.  4 

Rocking  curves  are  shown 
for  the  implanted  (upper) 
and  implantation-free 
(lower)  crystal.  The 
scattering  is  expressed  as 
a  fraction  of  the  incident 
beam  intensity.  Note  the 
larger  acatterlng  at  low 
angles. 
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Fig.  5 

Excess  diffuse  scattering 
intensity  for  the  sample 
before  annealing  (dashed) 
and  after  annealing  (solid) 
at  500  C.  Note  that  little 
change  in  the  general  level 
and  distribution  of  the 
excess  intensity  occurs 
upon  annealing. 
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Fig.  6 

Excess  diffuse  scattering 
intensity  for  the  6ample 
before  annealing  (dashed) 
and  after  annealing  (solid) 
at  600  C.  The  level  and 
the  distribution  of  the 
excess  intensity  changes  as 
a  result  of  the  annealing 
at  thi6  temperature. 


ROCKING  ANGLE,  A©  (MIN) 


ANNEALED 
600  C,  30  MIN 


ROCKING  ANGLE,  AO  (MIN) 


Spooner 


Results  and  Discussion 


The  rocking  curves  for  implantation-free  copper  and  for  aluminum 
implanted  copper  were  measured  on  the  same  crystal.  These  curves  are  shown 
in  Figure  4.  The  diffuse  scattering  from  the  Implanted  crystal  is  more 
intense  on  the  low  angle  side  of  the  Bragg  peak  position.  The  excess 
diffuse  scattering  is  calculated  by  subtraction  of  the  implantation-f  ee 
rocking  curve  intensity  from  the  corresponding  intensity  in  the  implanted 
crystal.  The  excess  diffuse  scattering  for  the  implanted  crystal  is  shown 
in  Figures  5  and  6  as  a  dashed  line.  The  effect  of  30  minute  anneals  on  the 
excess  diffuse  intensity  is  show  in  Figure  5  for  annealing  at  500  C  and  in 
Figure  6  for  annealing  at  600  C.  No  large  change  due  to  annealing  occurs  at 
500  C  while  for  annealing  at  600  C,  there  i6  a  reduction  of  scattering  and 
scattering  becomes  more  symmetric  with  respect  to  the  Bragg  peak  position. 

The  observation  of  a  higher  diffuse  scattering  at  low  rocking  curve 
angles  can  be  attributed  to  the  fact  that  Implanted  aluminum  expands  the 
copper  lattice  so  that  Bragg  scattering  from  the  implanted  region  occurs  at 
a  lower  angle  than  that  for  the  implantation-free  material.  The  composition 
of  the  implanted  layer  was  estimated  to  be  1.8  atomic  percent.  The 
resulting  Bragg  position  would  be  displaced  to  lower  angle  by  4.2  minutes 
for  the  222  reflection  from  the  copper  alloy  layer. 

The  diffuse  scattering  seen  on  both  sides  of  the  main  Bragg  position 
can  be  compared  to  calculations  of  the  scattering  from  dislocation  loops. 
In  Figure  7  the  excess  diffuse  scattering  i6  plotted  versus  the  log  of  the 
rocking  angle  according  to  Eqn.  (7)  for  Huang  loop  scattering.  The  rocking 
angle  was  measured  relative  to  the  supposed  Bragg  position  for  the  alloy. 


Fig.  7 

The  excess  diffuse 
scattering  from  the 
implanted  crystal  is 
plotted  versus  ln(ae) 
for  the  intensity  above 
and  below  the  Bragg 
position  assumed  to 
apply  for  the  implanted 
region  of  the  crystal. 
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Although  there  Is  a  displacement  between  the  two  sets  of  points,  the  average 
of  the  high  angle  and  low  angle  intensity  Is  close  to  a  straight  line  which 
yields  an  estimated  loop  radius  of  25  A. 


An  estimate  of  the  density  of  loops  can  be  made  by  comparing  measured 
reflectivity  with  Eqn.  (9).  We  use  a  loop  radius  of  25  A  and  a 
reflectivity  of  1  percent  at  hBm  2  minutes.  Substitution  of  appropriate 
constants  into  Eqn.  (9)  for  a  25  A  loop  size  gives 


iX) 

1 


6.1x10  2 


(10) 


from  which  a  value  of  C/Vc  is  5.3  x  10*  loops/cc.  (The  loops  are 
concentrated  by  a  factor  of  40  In  the  implanted  layer  since  the  above 
calculation  assumes  the  loops  to  be  uniformly  distributed). 


The  failure  to  observe  a  sharp  Bragg  peak  associated  with  the  implanted 
aluminum  and  the  general  agreement  with  scattering  levels  calculated  for 
loop  scattering  point  to  the  conclusion  that  the  kinematic  theory  for 
diffraction  from  an  implanted  crystal  containing  loops  is  appropriate.  The 
annealing  at  600  C  produces  symmetrical  scattering  which  suggests  that  most 
of  the  aluminum  is  removed  from  the  region  where  loops  persist.  Thereby  the 
loop  scattering  now  originates  in  essentially  pure  copper.  The  role  of 
aluminum  is  seen  as  simply  expanding  the  lattice  in  a  region  where  loops 
persist  which,  by  virtue  of  severe  damage,  is  no  longer  6trictly  coherent 
with  the  implantation-free  crystal. 


Conclusions 


Analysis  of  x-ray  diffraction  in  aluminum-ion  implanted  copper  suggests 
that  defect  cluster  scattering  dominates  the  observed  rocking  curve 
intensity.  Alloying  in  the  implanted  layer  contributes  through  a  shifting 
of  the  diffuse  scattering  to  lower  angles  due  to  the  fact  that  the  defect 
clusters  are  formed  in  a  region  of  aluminum-expanded  lattice.  The  formation 
of  a  distinct  peak  predicted  by  dynamical  diffraction  theory  does  not  occur, 
probably  because  of  the  intense  defect  scattering  and  the  widths  of  the  peak 
from  the  thin  layer.  Problems  in  the  analysis  of  scattering  remain  in  the 
area  of  formulating  a  model  of  combined  alloying  and  defect  cluster 
scattering  as  well  as  description  of  very  high  defect  cluster  scattering. 
Nevertheless  the  simplistic  interpretation  of  x-ray  scattering  observation 
provides  useful  insights  into  the  type  and  quantity  of  damage  as  well  as  the 
annealing  response  of  the  implanted  structure.  Measurements  carried  out  to 
larger  q  will  be  useful  in  further  definition  of  the  defect  structure  since 
Bragg  scattering  from  the  implantation-free  and  implanted  layer  are  avoided 
and  the  kinematical  theory  can  be  assumed.  Size  distributions  an  and  total 
point  defect  densities  are  more  directly  measurable  at  the  larger  q  values 
(1)  as  well.  ° 
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General  Electric 
Missile  &  Space  Division 
Materials  Science  Section 
P.  O.  Box  8555 

Philadephia,  Pennsylvania  91901 
'Attn:  Technical  Library 

Kawecki  Berylco  Industries 
>  P.  O.  Box  1462 

Reading ,  Pennsylvania  19603 

Linde  Company 
Division  of  Union  Carbide 
P.  O.  Box  44 

Tonawanda,  New  York  14152 

Midwest  Research  Institute 
425  Volker  Boulevard 
Kansas  City,  Missouri  64110 

University  of  California 
Lawrence  Radiation  Laboratory 
P.  O.  Box  80S 

Livermore,  California  94550 
Attn:  Mr.  L.  W.  Roberts 

DRDA  Division  of  Reactor  Development 
end  Technology 
Washington,  D.C.  20545 
Akin:  Mr.  J.  M.  Simmons,  Chief 
Metallurgy  Section 
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Dr.  V.  C.  Setzer,  Director 
Met allure  &  Surface  Technology 
Consolidated  Aluminum  Corp 
?.  0.  Box  lMl*8 
St.  Louis,  MO  63178 

Xaiser  Aluminum  &  Chemical  Corp. 

Aluminum  Division  Research  Center 
for  Technology 
?.  0.  Box  870 
Attn:  T.  R.  Pritchett 
Pleasanton,  CA  9^*566 

Reynolds  Metals  Company 
Metallurgical  Research  Division 
4th  1  Canal  Streets 
Richmond,  VA  23219 
Attn:  Dr.  J.  H.  Dedrick 

The  Dov  Metal  Products  Company 
Hopkins  Building 
Midland,  MI  43640 

Dr.  F.  K.  Mandigo 

Olin  Metals  Research  Laboratories 

91  Shelton  Ave 

New  Haven,  CT  06515 

General  Electric  Co 

Corporate  Research  &  Development 

Bldg.  36-441 

.-•rv.enertndy,  NY  12345 

J.fia:  Dr.  J.  H.  Westbrook,  Manager 

Materials  Information  Services 

E.  A.  Starke,  Jr. 

of  Chemical  Engineering  L  Metallurgy 
org.  a  Institute  of  Technology 
.  GA  30332 
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of  Materials  Science  &  Engineering 

....  11  diversity 
.  ..Y  14553 

J.  Duquette 

.  ca ulb  Engineering  Dept. 

..  .\y ,  11  12181 

...  .  technologies  Research  Lfbc  .-utoriec 
ford,  CT  06l08 
.  -v^;  .1*.  Roy  Panti 


Autonetlcs  Division  of  Rockwell 
Internationa. 

P.  0.  Box  4173 
Anaheim,  CA  92803 
Attn:  Mr.  A.  G.  Gross,  Jr. 
Dept.  522-92 
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